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This  report  presents  updated  design  guiiics  for  both  thick- and  thin-walled  coneretr 
cylinder  structures  under  hydrostatic  loading.  The  design  approach  for  thick-walled  cylinders 
has  been  changed  from  that  described  in  previous  work  to  a  senti-cmpirical  bads-,  improve¬ 
ments  in  implosion  strength  on  the  order  of  tO*V  are  found.  A  test  on  a  thick-walled  IO-ft* 
diam  (.t.ns-m)  structure  loaded  to  failure  in  the  ocean  is  reported.  A  major  change  in  the 
guides  is  for  thin-walled  cylinders,  where  new  data  on  1 5  relatively  large-scale  specimens  are 
reported.  Design  guides  for  thin-walled  cylinders  show  an  increase  in  implosion  strength  rang¬ 
ing  from  0%  to  J5V  depending  on  the  structures’  t/D(,  and  UD(,  ratios,  from  that  reported 
previously. 
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INTRODUCTION 


Background 

In  the  mid-1960's  ocean  engineering  attracted  considerable  interest 
in  research  and  development  on  providing  man  with  the  technology  to 
work  in  the  deep  ocean.  Research  on  undersea  concrete  structures  was 
initiated  at  this  time,  and  exploratory  test  results  showed  much  promise 
(Ref  1)  for  concrete  structures  at  depths  to  3,000  feet  (1,000  meters). 
The  economic  payoff  of  the  research  was  that  massive  undersea  concrete 
structures  would  cost  about  one-tenth  that  of  metallic  structures. 

For  the  first  several  years,  research  was  directed  solely  to  con¬ 
crete  spheres,  but  tests  on  cylinders  started  about  1970.  The  early 
cylinder  models  had  an  outside  diameter  of  16  inches  (406  mm).  Param¬ 
eters  such  as  cylinder  length,  wall  thickness,  end  closure  conditions, 
and  concrete  compressive  strength  (Ref  2  to  4)  were  investigated  and 
studied. 

The  North  Sea  oil  boom  occurred  in  the  early  1970's,  and  the  first 
offshore  concrete  platform,  called  Ekofisk,  was  built.  With  the  success¬ 
ful  installation  of  Ekofisk  in  a  water  depth  of  270  feet  (90  meters), 
industry  ordered  additional  concrete  structures  for  oil  drilling  and 
production.  A  dynamic  development  period  ensued  during  which  it 
became  apparent  that  knowledge  on  the  behavior  of  pressure- resistant 
concrete  structures  was  substantially  lacking. 

In  an  attempt  to  make  existing  data  known.  Civil  Engineering 
Laboratory  (CEL)  test  results  were  distributed  widely  (Ref  5  to  8), 
However,  the  early  work  on  cylinder  structures  was  quite  tentative 
because  of  limited  data  on  thin-walled  cylinders. 
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A  major  oil  company  proposed  a  tost  program  on  large-scale, 
thin-walled  concrete  models.  This  proposal  eventually  led  to  a  joint 
inclustry-Navy  test  program  carried  out  at  CEL. 

During  this  period  another  important  test  was  conducted  at  OKI,  on 
a  large  thick-walled  concrete  cylinder  structure.  The  structure,  called 
SEACON  1,  was  part  of  an  integrated  seafloor  engineering  experiment  to 
demonstrate  capability  in  constructing  operational  facilities  in  the  ocean 
(Ref  9).  The  structure  was  built  in  1972,  placed  in  the  ocean  at  (100 
feet  (180  meters)  for  10  months,  and  then  retrieved.  After  being  on 
"display"  for  several  years,  it  was  tested  to  failure  in  the  ocean  in  1976 
to  determine  its  implosion  strength. 

Objective 

This  report  presents  updated  design  guides  for  implosion  of  con¬ 
crete  cylinders.  The  guides  are  based  on  the  test  results  from  the 
thick-walled,  SEACON  l,  cylinder  test  (Appendix  A)  and  from  the 
thin- walled  cylinder  tests  (Appendix  B).  The  approach  to  design  is 
similar  to  that  already  presented  in  Reference  8.  However,  the  new 
data  are  superior  to  that  presented  previously,  especially  for  the  thin- 
walled  models.  The  updated  guides  for  thin-walled  cylinders  allow  such 
structures  to  operate  at  considerably  deeper  depths  than  indicated  in 
the  past  guides. 

Description  of  Tests 

Thick-Walled  Structures.  The  SEACON  1  structure  was  a  rein¬ 
forced  concrete  cylindrical  hull  having  hemispherical  end  closures.  The 
overall  structure  length  was  20  feet  (6.1  meters);  outside  diameter. 
10. 1  feet  (3.08  meters);  and  wall  thickness.  9.3  inches  (241  mm). 
Steel  reinforcement  of  0.7%  by  area  was  used  in  both  the  hoop  and  axial 
directions.  At  the  time  of  the  implosion  test  the  concrete  compressive 
strength  was  10,470  psi. 
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During’  thr  long-term  lending  test,  of  the  structure  nl  (UK)  ter!, 
results  were  obtained  on  the  structure's  response  from  initial  loading 
and  creep.  Although  the  data  are  interesting,  the  pressure  load  was 
relatively  low,  only  1*1%  of  its  ultimate  strength.  Of  more  significance 
was  the  implosion  test  where  the  structure  was  lowered  into  the  ocean 
until  failure.  Complications  occurred  during  this  test  which  precluded 
obtaining  structural  response  data,  but  the  implosion  pressure  was 
successfully  obtained.  This  test  with  its  results  is  presented  in  Appen¬ 
dix  A . 

Thin-Walled  Structures.  The  thin-walled  cylinder  lest  program 
encompassed  lb  unreinforced  concrete  specimens,  whose  dimensions 
were:  1  3*1  inches  t3.*l  meters)  length.  54  inches  (1372  mm)  01).  and 
1.31 .  1.97.  or  3.39  inches  (32,  50.  or  80  mm.  respectively)  wall  thick¬ 
ness.  Two  different  boundary  conditions  were  modeled,  a  free  and  a 
simple  support,  in  order  that  cylinders  of  two  effective  lengths  could 
be  studied.  The  concrete  compressive  strength  ranged  between  a 
nominal  7.000  to  8,000  psi  (*18  to  55  MPa). 

Structural  deformations  were  monitored  by  recording  radial  dis¬ 
placements  around  the  circumference  of  the  cylinder.  Accurate  initial 
and  deflected  cross-sectional  shapes  were  obtained  which  showed  the 
progressive  development  of  out-of- roundness. 

An  analytical  study  using  actual  material  properties  and  geometric 
conditions  was  conducted.  A  finite-element  analysis  with  an  advanced 
constitutive  material  model  was  used. 

This  test  program  on  thin-walled  cylinders  is  presented  in  Appen¬ 
dix  W. 


niiSHJN  Ft) It  IMPLOSION 
Thick-Walled  Cylinders 


The  design  approach  foi*  unreinforced,  thick-walled  cylinders  is 
based  on  an  average  stress  distribution  across  the  wall  of  the  cylinder 


at  implosion.  Near  implosion,  the  inelastic  behavior  of  concrete  along 
with  plasticity  ami  creep  impart  a  stress  distribution  across  the  wall 
that  is  more  closely  modeled  by  a  uniform  stress  distribution  than  by  an 
elastic  (Larne)  stress  distribution.  A  uniform  stress  at  implosion  is 
expressed  by 


R 

a.  =  P.  0) 

im  im  t 


where  o.  =  wall  stress  at  implosion 

im 

p  -  implosion  pressure 

R  =  outside  radius 

o 

t  =  average  wall  thickness 


The  wall  stress  at  implosion,  o.  .  can  be  expressed  as  the  ultimate 


compressive  strength  of  concrete  multiplied  by  a  strength  factor. 
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(2) 


where  k  =  strength  factor  for  cylinder  structures  under 
hydrostatic  loading 

f  =  uniaxial  compressive  strength  of  concrete 


The  term  was  determined  empirically.  Figure  l  shows  k.,  as  a 
function  of  length-to-outside-diameter  ratio.  L/D  .  for  cylinders  of 
various  wall-thickness-to-outside-diameter  ratios.  t/D  . 

For  cylinders  under  hydrostatic  loading,  the  wall  is  stressed 
hiaxially  in  compression  on  the  inside  surface  and  triaxially  in  compres¬ 
sion  at  all  other  locations.  The  two  major  stresses  are  in  the  hoop  and 
axial  direction  where  the  hoop  stress  is  about  twice  the  magnitude  of 
the  axial  stress.  The  third,  and  smallest,  component  of  stress  acts 
radially.  If  the  concrete  is  considered  hiaxially  loaded,  then  the  hoop- 
to-axial  stress  ratio  of  2  is  known  to  increase  the  eompressivo  strength 


minimum  tor 
thicks alk*<l  >.ptu.*ri.*% 


Cylinder  Ixingth/Outsidc  Diameter.  I./I> 


of  concrete  bv  a  factor  of  about  1.25  f  (lb*f  10)..  Therefore,  k  values 

c  4 

for  the  cylinder  test  specimen  of  this  program  should  show  a  value  on 

the  order  .of  1.25.  As  a  minimum.  k  should  be  1.0. 

e 

Figure  l  shows  that  short  cylinders,  those  of  l./l)  v  l.  had  a  k, 

around  1.25.  However,  longer  cylimlers  showed  a  kt<  on  the  order  of 

l  0.  The  decrease  in  k^,  was  probably  due  to  specimen  imperfection . 

The  short  specimens  were  also  imperfect,  but  end-closure  effects 

restrained  the  evlinder  wall.  At  l./l)  of  2.0  the  end-closure  effects 

o 

were  diminished . 

An  average  k  value  of  0.81)  was  observed  at  l./l)  -  •! .  It  was 

'  c  o 

speculated  that  some  unknown  fabrication  or  testing  problem  existed  for 

the  cylinders  of  this  length  in  comparison  to  the  other  specimens.* 

For  design  purposes,  a  k(<  =  1.0  was  selected  for  cylinders  of 

l./l)  '  II.  The  reader  is  reminded  that  this  k  includes  the  effect  of 
o  e 

out-of-roundness  and  experimental  error.  The  reduction  in  from 
1.25  to  1.0,  a  20';,  change,  is  difficult  to  assign  solely  to  out-of- 
roundness  effect  because  thick-walled  structures  are  usually  insensitive 
to  small  geometric  out-of-roundness.  Hence,  k^  =  1,0  should  be  a 
conservative  strength  factor  for  design  purposes. 


♦Much  attention  was  given  to  why  k,  should  be  as  low  as  0.89.  If 
out-of-roundness  was  the  sole  cause,  then  the  specimens  showed  a 
decrease  in  strength  of  29';,  due  to  out-of-roundness,  which  was  too 
large  an  effect  for  thick-walled  cylinders.  There  appeared  to  be  no 
reason  based  on  engineering  mechanics  to  cause  cylinders  with  l./l)  of 
•l  to  fail  at  lower  pressures  than  those  at.  say,  1,/D  of  8.  It  isTie- 
lieved  that  some  problem  related  to  specimen  fabrication  or  test  was 
responsible  for  the  low  strengths.  The  author  personally  participated 
in  the  fabrication  and  testing  of  some  of  the  specimens  under  consid¬ 
eration.  He  discussed  this  topic  with  others  involved  in  the  test  pro¬ 
gram.  anil  no  procedure  was  singled  out  as  suspicious.  One  procedure 
that  was  distinctly  different  for  specimens  of  l,/D  of  -\  and  8  from 
that  of  the  shorter  specimens  related  to  the  interior  mold.  The  inter¬ 
ior  mold  was  made  in  segments  having  a  length  of  l./l)  “  2.  Cylinders 
longer  than  l./l)  of  2  used  multiple  segments.  During  mold  removal 
operations  it  was  quite  difficult  to  disassemble  the  multiple  segments  to 
extract  the  interior  mold.  If  harm  was  done  to  the  specimens  during 
•his  operation,  it  was  not  recognized  at  the  time. 


Although  I  ho  cylinders  were  fabricated  in  rigid  stool  molds  (lief 
2' .  i ho  mold  segments  sprang  slightly  after  tho  first  disassembly. 
After  \h  iVrences  2  ,nui  l  worn  already  published,  a  short  cylinder 
section  was  mounted  in  a  latho  to  determine  out-of-roundness  mono 
accurately  than  had  boon  dono  previously.  Tho  inside  ami  outside 
radius  and  tho  wall  thioknoss  variod  by  il/3‘2  inoh  (l.h  mm),  Tho 
out -of- roundness  paramotors  aro  summarized  in  Tablo  1. 

Substituting*  liquation  2  into  Kqualion  l  and  using  It  >  =  IW2  gives 
tho  expression  to  prediet  implosion  pressure  for  thiek- walled  cylinders: 


r 

III! 


2  k  r  u/n  ) 

C  i*  o 


i:n 


whore  k  =  1.2.S  -  0.12(1/1)  )  for  l./l)  <  2 

o  o  o 

k  =1.0  for  l./l)  >  2 

e  o 


Kquation  3  is  shown  in  Figure  2. 
which  can  be  used  as  a  design 
chart 

A  more  general  design  chart 
approach  is  shown  in  Figure  3. 
The  chart  is  entered  with  a  cylin¬ 
der  l./l)  and  t/D  to  obtain  the 
o  o 

T-  .  f  ratio,  Tho  implosion  pros- 

1111  4* 

sure  can  then  be  calculated  by 
assuming  a  concrete'  compressive 
strength,  f*. 

4* 

The  effect  of  different  types 
of  end- closures  on  the  implosion 
strength  was  judged  to  be  small 
t  lief  3>  so  this  parameter  was  not 
included  in  the  design  equation. 


1  »V 

.  0  (H 
.  1  t» 
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lipurc  5.  Design  guide  for  predicting  implosion  of  concrete  cylinder  structures. 
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Thin-Walled  Cylinders 


Table  I,  Onl-nf-Rouinlness  I'araineiers  fur 
16-Inch  00  Cylinders  (Kef  2,4) 


Thin-walled  cylinders  are 
divided  into  two  categories:  moder¬ 
ately  long  cylinders  and  long  cylin¬ 
ders.  Moderately  long  cylinders 
are  influenced  by  end-closures 
which  restrain  the  cylinder  from 
instability  failure.  Long  cylinders 
are  not  influenced  by  end-closures 
and  behave  as  infinitely  long  cylin¬ 
ders.  In  Reference  8,  thin-walled 
cylinders  included  another  category  called  short  cylinders,  but  in  this 
report  the  thick-walled  cylinder  category  encompasses  short  cylinders 
(Figure  3). 

The  same  approach  used  in  Reference  8  is  used  herein.  Donnell's 
equation  is  applied  to  moderately  long  cylinders  and  Bresse's  equation 
to  long  cylinders.  An  empirical  plasticity  reduction  factor,  q«  is  used 
in  both  equations  to  account  for  inelastic  behavior  of  concrete  and 
specimen  out-of-roundness.  The  new  data  permit  an  q  relationship  to 
°in/*c  t0  1)6  determined  with  far  greater  accuracy  than  previously. 

Empirical  q  values  were  determined  by  calculating  the  elastic  stress 
at  buckling  and  dividing  this  stress  into  the  experimental  stress  at 
implosion. 

The  elastic  buckling  stresses  were  calculated  as  follows: 


t«>o 

AW* 

ARj/t 

AU0/« 

0.03" 

0.12 

0.12 

0.12 

0.06^ 

0.06 

0.06 

0.06 

0.1  f 

0.03 

0.03 

0.03 

0.1 91' 

0.02 

0.02 

0.02 

"  Thin-walled  cylinder. 

Border  between  thin-  and  thick-walled 
cylinder. 

£  Thick-walled  cylinder. 


Donnell's  Equation 


^im^D 


0.855  E.  .  L  ,3/2  R 

““TJ37A  i  n 
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1.04  E. 
1 


(8) 


The  elastic  condition  exists  when  r|  =  1 . 

E.  was  not  measured  for  each  specimen  so  an  empirical  relationship 
was  developed  to  calculate  its  value.  Figure  4  shows  the  experimental 
initial  elastic  moduli  data  as  a  function  of  compressive  strength.  The 
American  Concrete  Institute  (ACI)  expression  for  elastic  moduli  is 
shown  for  comparison  along  with  the  empirical  expression: 


E.  =  530  f' 
i  c 


(9) 
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Values  of  r)  arc  shown  in  Table  2.  Tabic  3  shows  the  calculation 
of  n  values  for  the  data  from  Reference  4.*  All  the  data  arc  shown  in 
Figures  5  through  7.  The  fitted  inelastic  buckling  curves  of  Figures  5 
and  6  were  transferred  to  Figure  8.  From  this  representation  of  data, 
a  design  n  curve  was  selected,  which  is  applicable  to  both  moderately 
long  and  long  cylinders.  The  n  expression  is: 


0.52 


(10) 


Gerard  developed  expressions  to  predict  n  for  metallic  structures 
(Ref  11).  and  these  expressions,  which  can  be  applied  to  concrete,  are 
shown  graphically  in  Figure  9.  The  n  curve  from  Reference  8  is  also 
shown.  Its  empirical  shape  was  defined  by  limited  data  where  several 
specimens  had  low  implosion  pressures  which  arc  not  in  agreement  with 
that  of  the  new  data.  The  new  design  n  curve  has  a  maximum  increase 
of  35%  over  that  of  Reference  8.  (For  a  structure  of  given  geometry, 
comparative  n  values  are  obtained  by  a  linear  curve  intersecting  the 
origin  and  the  n  curves.) 


*Thc  values  will  be  different  than  those  given  in  Reference  8  because 
an  assumption  has  been  changed.  Previously,  the  16-inch  OD  speci¬ 
mens  with  hemisphere  end-closures  were  assumed  to  be  simply  sup¬ 
ported  cylinders.  This  assumption  was  made  at  the  time  because  the 
analysis  of  results  would  be  conservative.  Data  were  limited  so  con¬ 
servatism  was  warranted.  In  this  report,  the  16-inch  OD  specimens, 
whiei  had  an  L/D  =  4.  were  assumed  to  be  freely  supported  or.  in 
othc:  w^rds.  long  cylinders. 


l'ul»k‘  5,  I’lasi  icily  Kciluction  I'.ictnrs  for  1 0-1  itch  OD  Specimens  Utter  Ket  4) 
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Figure  5.  Implosion  of  moderately  long  cylinder  specimens  with  D0  =  54  in.  (1372  mm). 


Figure  ft.  Implosion  of  long  cylinder  specimens  with  1>  =  54  in.  (1372  mini 
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Moderately  I,ong’  Cylinders.  The  expressions  to  prediet  implosion 
pressure  for  moderately  long  cylinders  are  developed  as  follows. 
Kquations  9  and  10  are  substituted  into  Kquation  7  to  yield: 


(11) 


The  stress  level  at  implosion,  o  /f’.  is  calculated  bv  knowing  the 

.me  ■ 

geometry  of  the  cylinder  structure.  The  following  conditions  determine 
the  next  step: 


(.a)  If  o^/f,  >  1.0,  thick-wall  analysis  is  used  to  predict 
implosion,  Kquation  3 

(b)  If  0.f>2  <  o^/fj,  <  Ml.  then  q  is  calculated  by  Kqua¬ 
tion  10 

(c)  If  <t.  fV  <  0 . f>2 ,  then  q  =  '  .0 

im  c.  ' 

If  steps  (b)  or  (c)  control,  the  following  expression,  which  was 
developed  by  substituting  Kquations  7  and  9  into  Kquation  1,  predirts 
the  implosion  pressure. 


O 


(12) 


A  design  chart  approach  is  given  in  figure  3.  linter  the  chart 

with  the  structure's  l./l)  and  t/1)  ratio  to  determine  the  1’  T  ratio. 

o  o  im  c 

The  structure  is  assumed  to  have  a  simple- support  end  condition. 
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Fur  the  case  of  fixed-support  end  condition,  it  has  been  shown 
analytically  (Ref  12)  that  an  increase  in  implosion  strength  on  the  order 
of  can  be  expected.  The  implosion  pressure  can  be  calculated  for 
this  ease  by  using  the  equations  presented  herein  and  a  reduced  cylin¬ 
der  length  of  0.851,. 

Long  Cylinders.  The  expressions  to  predict  implosion  pressure  for 
long  cylinders  were  developed  as  follows. 

Equations  9  and  10  are  substituted  into  Equation  9  to  yield: 


(13) 


Once  the  stress  level  at  implosion  is  calculated,  the.  same  condi¬ 
tions  as  for  moderately  long  cylinders  hold;  that  »&. 

(a)  If  o.  IV  >  1.6.  thick-wall  analysis  is  used  to  predict 

mi  c  •  * 

implosion.  Equation  -i 

(b)  If  0.52  s  o.  IV  <  1.0,  then  n  is  calculated  bv  Kqun- 

un  e  * 

lion  10 

(e>  If  o.  IV  <  0.52.  then  q  '  1.0 
ini  c 

If  steps  (b)  or  (e)  control,  the  following  expression,  which  was 
developed  by  substituting  Equations  8  and  9  into  Equation  1,  predicts 
the  implosion  pressure: 

v  -  lino  »i  t '  (4r  \  (U) 

,m  e  \l)J 
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A  design  chart  approach  is  given  in  Figure  3  Enter  the  ch.'et 

with  the  structure's  l./D  and  t/I)  ratio  to  determine  the  !’.  /V  ratio. 

o  o  un  c 

Factor  of  Safely 

Overall  Factor  of  Safety.  Up  to  this  stage,  the  implosion  pressure 
calculated  by  Equations  3,  12,  and  H  (or  from  the  design  chart  of  Fig¬ 
ure  3)  is  a  short-term  strength  without  any  factors  of  safety  incorpor¬ 
ated  Different  codes  of  practice  have  different  approaches  to  assign¬ 
ing  factors  of  safety.  Without  discussing  the  various  methods,  it  can 
lie  stated  that  the  overall  factors  of  safety  for  concrete  compression 
members  range  between  2.b  and  3.0. 

This  report  recommends  the  same  range.  A  structure  whose 
intended  purpose  is  to  store  liquid  material  might  be  designed  with  a 
2.S  factor  of  safety;  whereas,  a  structure  for  human  occupancy  should 
have  a  3.0  factor  of  safety  as  a  minimum. 

The  design  approach  in  Reference  8  included  a  long-term  loading 
factor,  \  ('odes  of  practice  typically  recognize  the  long-term  loading 
effect  in  the  overall  factor  of  safely  without  itemizing  the  effect  This 
report  follows  that  practice.  Results  have  recently  been  published  on 
concrete  spheres  subjected  to  long-term  hydrostatic  loading  (Ref  13) 
that  have  shown  behavior  similar  to  the  known  behavior  of  concrete  in 
on-land  compression  members.  This  represents  some  assurance  that 
hallowing  existing  i-n-land  practice  is  appropriate  for  in-ocean  concrete. 

Concrete  Compressive  Strength.  The  implosion  pressure  is  directly 
related  to  the  compressive  strength  of  concrete,  f ’ .  at  the  time  of 
failure.  From  available  data  (Ref  13),  it  appears  that  the  strength 
development  of  concrete  in  the  ocean  is  different  than  that  of  the 
standard  fog-cure  condition. 

The  results  from  Reference  13  an-  summarized  herein. 


If  saturation  of  concrete  is  assumed  to  occur,  then  the  following1 
interim  guide  can  be  used  for  strength  g'ain  with  age.  The  initial 
28-day  fog-cured  strength  should  be  reduced  by  10%  to  account  for 
saturation  effects.  Subsequent  increases  of  in-situ  strength  with  lime 
may  depend  on  the  depth  at  which  the  concrete  is  located.  Depth  is 
important  hecause  it  ear  influence  the  degree  of  saturation.  At  pre¬ 
sent,  data  are  available  at  depths  of  a  few  thousand  feet  In  such 
cases,  the  strength  increase  relative  to  the  28-day  fog-cured  strength 
appears  to  be  nil  al  1  year,  5%  at  2  years,  and  15%  at  5  years.  These 
values  of  strength-incrcaso-wilh-agc  are  different  from  those  generally 
accepted  (Ref  1*1)  for  on-land  concrete  of  20%  al  G  months  and  2*1%  at  12 
months . 

For  cases  where  the  concrete  is  at  a  depth  of  a  few  hundred  feet, 
it  is  hard  to  estimate  the  strength  gain  behavior.  First,  it  is  unknown 
how  much  of  the  wall  thickness  will  become  saturated.  It  could  take 
months  for  several  feet  of  thickness  lo  become  saturated.  If  the  inter¬ 
ior  of  the  structure  were  lo  be  at  a  relative  humidity  of  less  than  100%. 
the  concrete  would  never  become  saturated.  However,  some  of  the 
concrete  would  be  saturated  near  the  outside  wall,  and  that  portion 
would  exhibit  a  strength  different  from  that  not  saturated.  For  the 
saturated  concrete  the  compressive  strength  should  be  reduced  by  10% 
to  account  for  saturation  effects;  then  it  is  probably  reasonable  to 
permit  a  strength  increase  relative  to  the  28-day  fog-cured  strength  of 
nil  at  G  months  and  5%  al  12  months. 

Effect  of  Reinforcement.  The  experimental  specimens  were  unrein¬ 
forced  concrete,  whereas  any  full-scale  structure  wouid  be  reinforced 
concrete.  The  reinforcement  certainly  contributes  to  stiffening  of  the 
wall  during  bending  caused  by  out-of*  roundness .  However,  under 
ultimate  conditions  the  contribution  of  the  reinforcement  is  not  easily 
assessed. 
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SUMMARY 


"Pl,a,t*,i  l1,‘SWn  *fui,h*s  'vptvsent  some  sign.fieant  changes 
compared  to  the  guides  presented  in  Reference  «.  The  design  approach 

ft  rth^k;, vailed  cylinders  was  made  comparable  to  that  for  .luck-walled 
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The  effecl  of  test  specimen  out-of-roundness  is  included  in  the 
empirically  derived  portions  of  the  guides  so  use  of  the  guides  implicitly 
assumes  oul-of- roundness  of  similar  magnitude  for  the  new  structure. 
This  is  a  safe  assumption  because  oot-of- roundness  criteria  as  given  in 
Table  1  and  Table  B-2  are  lenient  for  large  structures  (in  other  words, 
large  structures  should  have  better  geometry  control  than  the  test 
specimens). 

Figure  3  is  a  design  chart  to  predict  implosion  for  thick-  and 
thin-wallcd  concrete  cylinder  structures.  A  feature  of  the  chart  is  its 
simplicity.  By  knowing  the  t/DQ  and  L/Do  ratio  of  the  structure,  the 
implosion  strength  in  terms  of  can  be  determined.  Implosion 

pressure,  P^,  is  calculated  by  assigning  an  f^  to  the  concrete.  A 
factor  of  safely  is  not  included  in  the  predicted  implosion  pressure. 

The  design  chart  has  application  in  sizing-out  a  structure  for  a 
given  depth.  Advanced  design  techniques  must  be  used  to  complete  a 
final  design,  but  these  techniques  need  to  start  from  near-final  dimen¬ 
sions  This  report  provides  the  design  charts  to  quickly  determine  the 
near-final  dimensions. 

CONCLUSIONS 

1,  Failure  of  concrete  cylindrical  structures  under  hydrostatic 
loading  can  be  described  by  one  of  three  equations:  an  average  wall 
stress  equation  applies  to  thick-walled  cylinders;  Donnell’s  equation  to 
moderately  long,  thin-walled  cylinders;  and  Bresse's  equation  to  long 
thin-walled  cylinders.  An  empirical  parameter  was  used  in  each  equa¬ 
tion  to  obtain  agreement  between  the  experimental  results  and  theoreti¬ 
cal  expression. 

2.  The  finite  element  analysis  method  with  a  constitutive  material 
model  predicted  the  implosion  strength  and  structural  displacement 


behavior  of  the  tost  specimens  with  good  accuracy  (.Appendix  M).  Fig¬ 
ure  J.  which  is  the  design  chart  for  implosion.  is  within  10*},  accuracy 
of  the  finite  element  method  predictions . 

,‘t  [  he  design  chart  of  Figure  J  can  he  applied  Cot  quickly  deter¬ 

mining  the  implosion  strength  for  a  concrete  cylinder  structure  of  given 
dimensions. 
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Appendix  A 


THICK-WALLED  CYLINDER  TESTS 

SPECIMEN  DESCRIPTION 

The  SEACON  I  structure  (Figures  A-l  and  A-2)  was  assembled 
from  three  precast,  reinforced  concrete  sections.  The  straight  cylinder 
section,  10.1-foot  (3.08-m)  OD  by  10-foot  (3.05-m)  length  by  9.5-inch 
(241-mm)  wall  thickness,  was  fabricated  by  United  Concrete  Pipe  Cor¬ 
poration.  The  concrete  hemisphere  end-closures,  10.1-foot  (3.08-m)  OD 
by  9.5-inch  (241-mm)  wall  thickness,  were  fabricated  in-house.  Toler¬ 
ances  on  the  sections  conformed  to  concrete  pipe  standards:  ID  not  to 
exceed  ±0.75  in.  (19  mm)  or  wall  thickness  not  to  exceed  -0.5  in.  (13 
mm). 

Steel  reinforcement  of  0.70%  by  area  was  used  in  both  the  hoop 
and  axial  direction.  Reinforcing  bars  of  0.50  inch  (15  mm)  diameter 
were  employed  throughout  the  structure.  A  double  circular  reinforce¬ 
ment  cage  was  fabricated  for  each  precast  section;  the  concrete  cover 
on  the  outside  and  inside  reinforcing  cage  was  1  inch  (25  mm).  For 
the  cylinder  section,  hoop  rebars  had  a  center-to-center  spacing  of  6 
inches,  and  axial  rebars  had  a  spacing  of  27.25  inches  (692  mm)  and 
31.25  inches  (794  mm)  for  the  inside  and  outside  cages,  respectively. 

The  hemispherical  end-closures  were  bonded  to  the  cylinder  section 
with  an  epoxy  adhesive;  no  other  attachment  besides  the  epoxy  bond 
was  employed.  The  gap  between  the  mating  surfaces  of  the  hemisphere 
and  the  cylinder  was  less  than  0.13  in.  (3  mm)  for  75%  of  the  contact 
area.  Prior  to  epoxy  bonding,  the  concrete  surfaces  were  sandblasted 
and  washed  with  acetone . 
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A  large  hull  penetration,  major  diameter  of  50.25  in.  C 127: »  mm) 
and  minor  diameter  of  42.4  in.  (1075  mm),  was  located  at  the  apex  of 
each  hemisphere.  This  penetration  size  was  equivalent  to  40%  of  the 
hemisphere  diameter.  The  design  philosophy  for  the  penetrator  was  to 
make  it  stiffer  than  the  concrete  material  it  replaced  *'0  that  the  hemi¬ 
sphere  was  "unaware"  of  the  large  hole.  The  steel  penetrator  was 
epoxy-bonded  to  the  concrete,  using-  the  surface  preparation  method 
described  for  the  joint. 

During  the  10- month  seafloor  construction  experiment,  an  acrylic 
window  assembly  was  used  in  one  penetrator  and  a  hatch  assembly  in 
the  other  penetrator.  The  window  and  hatch  were  subsequently 
replaced  with  steel  plates  for  the  implosion  test. 

Six  penetrations,  major  diameter  of  (1  inches  (152  mm)  and  minor 
diameter  of  5  inches  (127  mm),  were  included  in  one  of  lh-  hemi¬ 
spheres;  these  penetrations  were  part  of  a  seal  and  gasket  study 

Two  smaller  penetrations,  major  diameter  of  4.5  inches  (114  mm) 
and  minor  diameter  of  4.0  inches  ( 102  mm),  were  also  included  near  the 
center  of  the  cylinder  section  to  accommodate  pressure  relief  valves. 

Kor  the  implosion  test ,  three  of  the  small  hemisphere  penetralors 
were  modified  for  electrical  feed-throughs  and  pressure  ports.  The  two 
cylinder  penetrations  were  sealed. 

Additional  irregularities  in  the  concrete  wall  included  five  feed¬ 
through  boxes  for  strain  gages  mounted  on  reinforcing  bars.  These 
boxes  were  located  on  the  interior  wall  and  measured  2.5  inches  (1*4 
mm)  deep  by  I  inches  (102  mm)  in  diameter.  In  these  areas  the  local 
wall  thickness  was  reduced  to  7  inches  (178  mat). 

Prior  to  the  implosion  test,  fifteen  0. 25-in  (Ha-nun)  diameter  cores 
were  drilled  from  the  wall  at  various  locations  around  the  cylinder. 
Steel  plugs  were  epoxied  in  the  core  holes. 

During  original  assembly,  the  exterior  of  the  concrete  structure 
was  coated  with  a  phenolic  waterproofing  system.  After  lightly  sand- 
blasliig  the  concrete,  a  primer  amt  topcoat  (Phcnoline  no.  .*00)  were 


sprayed  onto  the  concrete.  Many  air  pockets  were  not  coaled;  approxi¬ 
mately  one  pinhole  per  2  in.*  (.1300  mm2)  existed  in  the  final  water¬ 
proofing  coating. 

The  concrete  structure  was  instrumented  with  a  total  of  40  electri¬ 
cal  resistance  strain  gages  to  monitor  hull  response  under  long-term 
loading.  Half  of  the  gages  were  placed  diametrically  opposed  to  each 
other  on  the  structure.  The  data  were  stored  on  magnetic  tape  inside 
the  structure  and  were  recovered  when  the  structure  was  retrieved 
after  10  months. 

The  concrete  material  for  the  cylinder  portion  of  the  structure 
consisted  of  Portland  cement  type  11.  sand,  and  coarse  aggregate  in  the 
proportions  of  1.0: 1.4:2. 5  by  weight,  respectively.  The  water- fo¬ 
remen  i  ratio  was  0.40  by  weight,  and  a  water- reducing  admixture  was 
used;  the  slump  was  1.25  inch  (32  mm).  The  average  compressive 
strength  at  28  days  of  the  6-inch  (152-inm)  diameter  by  12-inch 
(305-mm)  long  control  cylinders  was  7.800  psi  (63.8  MPa). 

Mix  designs  of  different  proportions  were  used  for  the  hemi¬ 
spheres:  cement-to-sand-to-coarse-aggregate  ratio  of  1.0:1.96:2.3  by 
weight;  water-to-eement  ratio  of  0.38  by  weight;  and  a  water-reducing 
admixture.  Slump  was  again  1.25  inch  (32  mm).  The  average  compres¬ 
sive  strength  at  28  days  was  8,170  psi  (56.3  MPa). 

Of  the  16  cores  taken  from  the  cylinder  wall  just  prior  to  the 
implosion  test,  7  were  subsequently  cut  into  3.26-in.  (83-nfm)  diameter 
hy  fi-in.  ( 152-inm )  long  cylinders,  which  were  tested  under  uniaxial 
compression.  Compressive  strengths  of  the  cores  and  from  a  number  of 
fix  12-inch  ( 152x305 -mm)  control  cylinders  at  various  ages  arc  presented 
in  Table  A-l. 

Three  of  the  core  specimens  were  instrumented  with  strain  gages 
to  obtain  stress-strain  data  for  the  concrete.  Curves  of  this  relation¬ 
ship  up  to  about  90t  of  the  compressive  strength  are  shown  in  Figure 

A-3.  The  secant  modulus  of  elasticity  to  about  40'!,  of  f*  was  •14xlOn 

c 

psi  (30.4  (•Pa),  and  Poisson’s  ratio  was  0.20. 
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Table  A-l.  Summary  ot  Concrete  Compressive  Strengths  for  the  Scaeon  Structure 


Specimens 

Age  of 
Concrete 
(days) 

Compressive 

Strength 

fpsi) 

T\  pe 

Size 

(in.) 

Number 

Curing 

Conditions'1 

cast 

6x12 

6 

lie  Id 

28 

7.800 

cast 

6x  12 

2 

fog 

96 

7,070 

cast 

6x  12 

2 

field 

96 

8,550 

cast 

6x  12 

3 

fog 

294 

9,1V0 

cast 

6x12 

3 

field 

294 

9,710 

cast 

6x12 

6 

fog 

608 

8.710 

cast 

6x  12 

3 

fog  and  ocean*1 

608 

8.620 

cast 

6  .<  12 

3 

field  and  occanf 

608 

8,370 

core 

3-25  x  6 

7 

part  of  structure'* 

2.128 

10.470 

JCuring  of  all  cylinders  lot  the  first  28  days  was  2  days  steam.  7  days  water  tank, 
and  19  days  field. 

*  After  first  28  days,  curing  was  270  days  fog  room  and  302  days  on  seafloor  at 
600  feet. 

c After  first  28  days,  curing  was  270  days  field  and  302  days  on  seafloor  at  600 
feet. 

'^Structure  was  field-cured  on  land  lor  29K  days,  on  the  seafloor  for  302  days,  and 
then  field-cured  on  land  for  1,528  days. 


As  shown  in  Figure  A-l,  the  concrete  cylinder  structure  was 
mounted  in  a  steel  framework  and  fitted  with  a  ballast  tank.  The  in-air 
weight  of  the  cylinder  was  85,000  pounds  (38.5  Mg),  and  the  concrete- 
steel  structure  weighed  102,000  pounds  (46.3  Mg).  The  positive  buoy¬ 
ancy  of  the  concrete  hull  was  12,000  pounds  (5.4  Mg),  and  when  bal¬ 
lasted  the  concrete-steel  structure  weighed  6,800  pounds  (3.1  Mg) 
negative  in  water. 
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TEST  RESULTS 


Long-Term  Tost  at  600  Feel 


Strain  behavior.  The  initial  .strain  response  of  the  structure  on 
being  lowered  to  600  feet  (180  m)  showed  an  average  strain  of  380 
pin. /in.  in  the  hoop  direction  and  170  pin. /in.  in  the  axial  direction 
(Ref  9),  From  previous  work  (Hefs  2,  3  and  >1'.  it  was  anticipated 
that  this  low  level  of  loading  should  not  have  produced  any  detectable 
strain  variation  along  the  length  of  the  cylinder  section  due  to  the 
discontinuity  of  the  cylinder/end-closure  joint.  The  actual  strains 
showed  this  to  be  true. 


The  concrete  was  under  sustained  stress  of  1,700  psi  in  the  hoop 
direction  and  920  psi  in  the  axial  direction  for  302  days.  The  average 
total  creep  strain  in  the  hoop  and  axial  direction  was  130  and  80 
pin. /in. ,  respectively;  these  values  represent  a  34%  and  47%  increase, 
respectively,  over  the  short-term  strain  (not  unusual  for  concrete). 
The  data  gave  no  indication  that  the  creep  strain  was  nearing  termina¬ 
tion  . 

The  large  penetration  had  little  effect  on  the  behavior  of  the 
hemisphere.  Again,  the  low  stress  level  in  the  concrete  might  not  have 
been  sufficient  to  produce  a  noticeable  strain  rise  at  the  penetration. 
In  any  event,  it  was  significant  that  the  penetrator,  equivalent  to  40% 
of  the  structure's  diameter,  did  not  produce  a  harmful  effect  on  the 
structure. 

Watertightness .  Upon  retrieval  of  the  cylinder  from  ihe  600-foot 
(180-meter)  depth  after  10  months,  the  interior  of  the  structure  was 
free  from  water  that  permeated  the  concrete  walls.  There  was  no 
evidence  of  condensation ,  or  even  dampness .  on  the  interior  concrete 
walls.* 

Results  from  long-term  loading  of  concrete  spheres  in  the  ocean 
(Ref  13)  confirm  this  finding  of  walcrtlghtncss.  The  G6-*nch  (1076-mm) 
OD  spheres  had  a  wall  thickness  of  4.12  inches  (105  mm)  and  were 
located  at  depths  that  ranged  from  2,000  to  5,000  feet  (600  to  1500 
meters).  Some  of  the  sphere  exteriors  were  coated  identical  to  the 
SEACON  structure  and  showed  no  water  on  the  interior  after  6  years  in 
the  ocean . 

Implosion  Test 

Depth  at  Implosion .  The  depth  of  implosion  for  the  structure  was 
4,700  feet  (1430  m). 

♦Three  quarts  of  water  were  found  inside  the  structure  due  to  a  leak 
in  a  check  valve  in  one  of  ihe  small  penetralors  under  investigation. 
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The  means  of  determining  the  depth  of  implosion  was  not  as 
straightforward  as  originally  planned.  Pressure  transducers  were 
installed  on  the  hull,  hut  these  were  inoperative  at  the  time  of  implo¬ 
sion.  During  launching  of  the  structure,  which  was  off  the  stern  of  an 
offshore  work  vessel,  a  small  hull  penetration  became  damaged  and 
resulted  in  a  leak  of  about  25  gallons  (9f>  liters)  of  seawater  per  min¬ 
ute.  The  weight  of  the  structure  increased  until  a  safety  link  in  the 
lowering  line  parted,  which  occurred  at  a  depth  of  2,900  feet  (881 
meters),  as  recorded  by  the  pressure  transducers.  From  this  depth 
on,  the  structure  free-fell  through  the  water  column  until  implosion 
occurred. 

Data  from  acoustic  depth* recording  instrumentation  were  continu¬ 
ously  being  recorded  on  tape  during  this  sequence  of  events.  The 
noise  generated  by  the  implosion  of  the  structure  was  also  recorded. 
This  signal  had  a  rather  long  duration  and  showed  that  implosion  could 
have  occurred  at  a  depth  between  -1,500  feet  11370  meters)  and  4,700 
feet  tl-130  meters).  Seafloor  depth  was  4,700  feet  (1430  meters). 

If  was  known  from  data  on  tape  that  the  time  between  the  start  of 
free-fall  and  implosion  was  160  seconds.  By  analytically  bracketing  the 
free-fall  velocity  of  the  structure  between  11.2  ft/sec  t3.4  m /sec)  and 
12.5  fl/sec  (.3.8  m/sec),  it  was  calculated  that  the  structure  free-fell 
between  1,790  feet  (546  meters)  and  2.000  feet  (610  meters).  Adding 
these  numbers  to  2.900  feet  v884  meters)  gave  the  total  depth  range  as 
4,690  feet  (1430  meters)  to  4,900  feet  (1494  meters).  Hence,  it  was 
apparent  that  the  structure  hit  the  seaflooi  at  a  depth  of  4.700  feet 
(1430  meters)  before  imploding. 

A  manned  submersible  inspection  by  the  Navy’s  Sea  Cliff  was 
conducted  in  1978  to  determine  whether  the  structure  imploded  after 
impacting  the  seafloor .  The  tight  grouping  of  fragments  confirmed  that 
the  structure  hit  the  seafloor  first.  If  the  structure  had  imploded 
during  free-fall  descent,  the  1  ragmen ts  would  have  been  scattered. 
The  inspection  also  confirmed  that  the  cylinder  section  imploded  rather 


than  that  one  of  the  hemispheres  or  a  penelrator  failed.  The  cylinder 
section  was  heavily  fragmented  while  the  hemisphei  es  were  rather 
recognizable. 

There  wore  no  means  of  estimating  whether  the  structure  imploded 
immediately  upon  hitting  the  bottom  or  remained  on  the  bottom  for  a 
time  before  imploding.  In  any  event,  4.700  feet  (1430  meters)  is  a 
conservative  (or  minimum)  implosion  depth. 

It  should  be  mentioned  that  the  structure  was  instrumented  for 
strain  readings  during  the  implosion  test.  The  damaged  penctrator, 
however,  was  also  the  electrical  feed-through  for  strain-gage  wires; 
therefore  strain  readings  were  not  recorded  during  the  test. 

Discussion  of  JmpJosion  Strengtn-  The  effect  of  hull  stress  rate, 
due  to  free-fall  velocity,  was  not  considered  a  significant  parameter  on 
implosion  strength  when  compared  to  previously  tested  cylinder  models. 
For  a  free-fall  velocity  of  11.2  ft/sec  (3.4  m/sec),  the  hoop  stresses  in 
the  hull  increased  at  a  rate  of  1 .900  psi/min  (13.1  MPa/min).  Previous 
cylinder  models  with  geometry  equivalent  to  that  of  the  SEACON  struc¬ 
ture  had  hoop  stress  'rates  about  ?00  psi/min  (9.8  MPa/min).  This 
difference  in  stress  rate  would  have  an  insignificant  effect  on  implosion 
strength . 

Pressure  buildup  inside  the  structure  was  minimal  during  the 
entire  test.  At  the  2.900-foot  (080-meter)  depth  it  was  known  that 
13.000  pounds  (ft. 9  Mg)  of  seawater  leaked  to  the  interior.  This  filled 
about  one-quarter  of  the  interior  volume.  By  the  time  implosion 
occurred,  the  interior  pressure  would  not  have  exceeded  ft  psi  (34  KPa) 
over  atmospheric.  The  exterior  pressure  at  implosion  was  2.100  psi 
(14.5  MPa). 

The  implociort  strength  of  the  SEACON  hull  was 


2,100 

10, 407 "psi 


0.200 
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The  compressive  strength,  P,  was  obtained  from  3.25xG-ineh  (83x152- 
mm)  core  specimens.  The  strength  of  Ihe  cores  was  assumed  equal  to 
that  of  Gxl2-iiu'h  (152x305-mm)  cast  specimens.  The  smaller  size  of  the 
core  specimens  would  cause  a  higher  strength  relative  to  6x1 2-inch 
cylinders;  however,  Lhis  strength  increase  would  be  offset  by  the  effect 
of  drilling  which  causes  a  strength  decrease. 

With  the  use  of  the  average  wall  stress  approach  as  expressed  in 
Equation  3,  the  material  strength  factor  was  calculated  as: 

.  _  l  in  c  _  0 . 200  _  7 

c  ”  cft/D  )  “  2(9.5/121)  = 

o 

This  factor  is  shown  in  Figure  1  for  the  SFAt.'ON  hull  which  had  an 

i./Do=i.n. 

The  effect  of  steel  reinforcement  on  Ihe  implosion  strength  of  the 
structure  could  not  bo  determined  from  this  test..  If  the  reinforcement 
was  considered  effective,  then  the  total  wall  thickness  from  transformed 
sections  would  be  10.07  inches.  This  represents  an  increast  of  (>‘|,  over 
that  of  the  actual  wall  thickness,  which  should  cause  an  equivalent 
increase  in  the  imp'o.sion  pressure.  This  single  test  could  not  deter¬ 
mine  suc'h  a  small  percentage  difference  in  .strength. 

FINDINGS 

1.  The  implosion  depth  for  the  SFAt.’ON  structure  was  4,700  feet 
(1130  meters),  fore  .specimens  3.25  inches  (83  mm)  in  diameter  by  0 
inches  (152  nun)  long  taken  from  the  hull  gave  the  uniaxial  rompressu «• 
strength  of  I0.-170  psi  (72.2  Ml’a). 

2.  Vt’dii  ihe  use  of  Ihe  average  wall  stress  equation,  the  material 
strength  faetoi  .  k  .  was  1,27;  the  wall  stress  at  implosion  was  13,300 
psi. 
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TIUN-WAl.I.Kft  CYl.lNftKH  TKSTS 

scorn 

A  lot al  of  1!)  unreinforced  concrete  cylinder  specimens  wore  tested 

under  hydrostatic  lo.utinp,' .  The  dimensions  of  the  speeiuxus  were  ;i 

constant  outside  diameter,  I)  .  of  !><i  inches  (.  ITC.!  mitt  ) .  overall  length  of 

i  t*i  inches  (MOO  mm),  and  wall  thicknesses  t ,  of  ldll.  l.!)7.  or 

inches  (Tl.  bO.  <<r  HO  min'  The  wall-thickncss-lo-outsidc-diamctcr . 

I/I)  ,  ratios  were  O.IKM,  0,0.17.  and  O.OOll.  respect ivelv .  Two  different 
o 

types  of  boundary  conditions  were  used:  a  simply  supported  and  a 
free  end-condition.  Twelve  of  the  specimens  were  tested  under  short* 
term  hydrostatic  loading  where  the  pressure  was  increased  until  implo¬ 
sion;  the  remain  in)?  three  specimens  were  subjected  to  lout; -term  load* 
mR' 

Structural  behavior  was  recorded  by  measurinc;  radial  displace- 
ntcnls  around  the  entire  eiretimferenee  of  the  cylinder  wall  at  various 
locations  alonR  the  length.  Deflected  cr«»ss-seclional  shapes  were  plot- 
ted  from  which  the  following  data  could  he  tleterntined: 

(a)  Initial  deviations  from  circularity 

(b)  ltadial  tlu:placemenl s  tier  to  membrane  shell  aelioti  an«l 
bentlinjv 


(c)  Location  of  the  worst  flat-spot  and  determination  of 
maximum  radial  displacement 

(d)  The  number  of  buckle  lobes  at  implosion 

Attempts  were  made  to  obtain  strain  data  but  difficulties  were 
encountered  in  applying  gages  to  wet  concrete. 

Inspection  of  failed  specimens  and  fragments  of  concrete  from  the 
failure  zones  yielded  data  on  the  deflected  shape  of  the  structure  and 
size  of  the  failure  hole. 

A  detailed  presentation  of  specimen  geometry  and  test  r<  nils  is 
given  in  Reference  16.  This  report  summarizes  portions  of  those  data. 


SPECIMEN  FABRICATION 
Casting 

The  specimens  were  cast  monolithically  in  steel  molds.  The  same 
outer  mold  was  used  for  all  specimens,  but  different  inner  molds  were 
used  tn  change  the  wall  thickness.  The  inner  molds  were  built  to  fold 
inward  so  that  (he  diameter  became  smaller  for  removal  from  inside  of 
the  concrete  cylinder.  The  inner  and  outer  molds  were  spaced  on  the 
bottom  by  a  ring  and  on  the  top  by  a  spreader  bar. 

Concrete  was  placed  in  the  molds  by  free  falling  from  a  dome 
distribution  plate.  When  the  form  was  vibrated,  the  concrete  flowed  to 
the  edges  of  the  dome  and  fell  into  the  mold.  By  this  technique,  the 
concrete  was  rvenly  distributed  around  the  circumference. 

Approximately  20  hours  after  casting,  the  mold  was  removed  from 
the  concrete  (Figure  11-0,  All  specimens  were  wrapped  in  wet  burlap 
and  then  in  polyethylene  film.  They  were  subsequently  moved  to  a 
sheltered  storage  area  where  a  water  drip  system  kept  the  burlap  wet. 
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The  speeimons  won*  moist -rured  in  this  manner  unlit  assomtded  for 
tost.  During  assembly  (Figure  H-2)  a  lent  of  polyethylene  film  was 
used  to  maintain  a  high  relative  humidity  environment  around  the  speei- 
mon  to  minimize  shrinkage  marking.  Keeping  the  eylinder  in  the  moist 
environment  assured  the  test  eonduetors  that  the  ronerete  was  in  a 
"wet"  rendition  at  the  time  of  the  implosion  lest. 

Assembly 

The  proeedure  to  assemlde  a  speeimen  for  test  (Figure  H-;0  tiegan 
tty  plneing  the  eylinder  on  the  luittom  end-ekvoire,  whieh  was  a  flat 
steel  plate.  The  lop  end-elosure  was  a  steel  ring.  The  top  and  bottom 
elosures  were  held  together  by  eight  ehains.  post  •  tensioned  to  pnvom- 
press  the  eonrrete  by  ‘JO  psi  (0.11  MPa)  when  tin-  slruetnre  was  suit- 
merged  in  water  in  the  pressure  vessel. 
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For  the  simply  supported  end-condition  (Figure  B-1)  epoxy  adhe¬ 
sive  was  placed  between  the  concrete  and  steel  ends  to  correct  for 
unevenness  at  the  mating  faces,  hater,  steel  stiffeners  wore  placed  in 
the  interior  at  the  top  and  bottom,  and  expansive-cement  grout  was 
packed  between  the  stiffeners  and  the  concrete  wall.  For  the  free 
support  end-condition  (Figure  B-4).  a  1/8-in.  (3-mm)  neoprene  rubber 
gasket  was  placed  between  the  steel  and  concrete.  A  thin  layer  of 
epoxy  adhesive  or  quick-setting  gypsum  was  used  between  the  concrete 
and  the  neoprene  gasket. 

When  the  specimen  was  assembled  to  the  stage  where  the  center 
shaft  was  centered  at  the  top  and  bottom,  radius  measurements  were 
taken  using  the  following  procedure.  An  arm  off  the  center  shaft  had 
a  scribe  marker  mounted  to  it.  A  fixed  position  table  was  placed 
beneath  the  arm,  so  when  the  center  shaft  was  rotated,  a  circle  was 
scribed  on  the  table.  The  radius  of  this  circle,  r\  was  measured  after 
the  table  was  removed  from  the  specimen.  At  the  circumferences  of  0, 
90,  180,  and  270  degrees,  the  distance  from  the  scribe  to  the  wall,  r" , 
was  measured  using  a  steel  rule  accurate  to  0.01-inch  (0.2!>-mm).  By 
adding  r'  and  r",  the  inside  radius  of  the  specimen  was  obtained  at  the 
circumference  locations.  Deviations  in  radius  around  the  circumference 
were  obtained  from  defleetometer  data,  so  by  using  the  deflootometer 
data  and  the  measured  radius  data,  average  radius  values  for  the 
specimens  were  determined. 

Instrumentation 

Instrumentation  of  the  specimens  consisted  of  mounting  a  deflec- 
1  omelet*  system  to  measure  radial  displacements,  applying  strain  gages 
(to  some  specimens),  installing  a  television  camera,  anti  installing  a 
high-speed  motion  picture  camera.  These  systems  are  described  below . 

Defleetometer.  The  measuring  device  of  the  defleetometer  system 
was  a  potentiometer  (linear  position  transducer)  which  had  a  maximum 
displacement  of  tt).(iht)  in.  (Hi. hi  mm)  ami  a  measurement  accuracy  of 
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±0.002  in.  (0.05  mm).  The  potentiometers  were  mounted  on  arms  that 
extended  from  a  center  shaft.  The  center  shaft  was  motor-driven  at  a 
rate  of  one  revolution  per  90  seconds. 

Radial  displacement  calibration  was  accomplished  by  mounting 
aluminum  shims  of  0.125-inch  (3.18-mm)  thickness  on*  the  inside  wall  of 
the  cylinder  so  that  the  steel  ball  passed  over  the  shims  to  record 
magnitude  and  direction  of  inward  displacement.  These  calibration 
marks  also  determined  a  360-degree  rotation. 

The  deflectoroeter  system  was  insensitive  to  the  axial  orientation  or 
lack  of  straightness  of  the  center  shaft.  The  top  and  bottom  on  the 
center  shaft  were  fixed  in  location,  and  the  shaft  was  rotated.  The 
arms  were  fixed  to  the  center  shaft;  and,  in  plan  view,  the  end  of  each 
arm  scribed  a  perfect  circle.  The  steel  ball  at  the  end  of  each  arm 
moved  in  and  out  to  conform  to  the  shape  of  the  concrete  cylinder. 
This  radial  movement  was  recorded  as  changes  from  a  perfect  circle. 

In  reducing  the  analog  deflecrometer  data,  an  analog- to- digital 
converter  was  used  along  with  a  timing  system  to  control  the  number  of 
samples  taken  and  the  time  interval  between  samples.  Over  900  samples 
of  analog  data  were  digitized  for  each  360-degree  rotation.  This 
equates  to  a  radial  displacement  data  point  every  0.17  inch  (4.3  mm) 
around  the  inside  circumference  of  the  cylinder. 

Strain  Gages.  Strain  gaging  of  the  specimens  proved  to  be  diffi¬ 
cult  because  the  concrete  was  in  a  wet  condition.  Various  approaches 
for  applying  gages  to  wet  concrete  were  tried,  but  none  were  success¬ 
ful.  The  problem  was  in  maintaining  the  bond  throughout  the  entire 
test. 

The  procedure  for  strain  gaging  is  described  as  follows: 

(1)  Electrical-resistant  strain  gages  (type  FA-06-125, 
three-element  rosettes)  were  mounted  either  on  brass 
shim  stock  0.002-inch  (0.05  mm)  thick  or  on  steel  shim 
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stork  0.005-inch  (0,13-mm)  thick  and  waterproofed, 
using  standard  procedures.  These  procedures  used 
normal  preparation  steps  for  applying  gages  to  metal 
and  then  were  waterproofed  using  General  Electric 
Clear  RTV  109.  This  waterproofing  approach  works 
•iuccessfullv  under  hydrostatic  pressure  loadings 
equivalent  to  thousands  of  feet  of  head.  A  second 
type  of  electrical  resistant  gage  used  was  a  self- 
encapsulated,  waterproof,  weldable  gage. 

(2)  The  objective  was  to  apply  these  waterproof  gages  to 
the  wet  concrete  surface  with  an  adhesive  of  sufficient 
bonding  strength  that  strain  in  the  parent  material  is 
transferred  through  the  epoxy  adhesive,  through  the 
shim  stock  material,  to  the  gage.  To  check  the  accu¬ 
racy  of  these  shim-stock  mounted  gages,  a  control  test 
was  conducted  on  an  aluminum  tube  loaded  in  uniaxial 
compression .  Seven  pairs  of  gages  were  mounted  on 
the  aluminum  cylinder;  each  gage  in  a  pair  was  diamet¬ 
rically  opposite  the  other  gage.  The  lest  consisted  of 
three  pair  of  single  wire  gages  mounted  with  Kastman 
9-10,  two  pair  of  foil  gages  on  brass  shim  stock 
mounted  with  KEY- 150,  one  pair  of  foil  gages  on  brass 
shim  stock  mounted  with  Eastman  9-10,  and  one  pair  of 
foil  gages  on  brass  shim  stock  mounted  with  Hysol  HA 
934.  Eastman  9-10  is  an  excellent  adhesive  in  a  dry 
environment,  so  it  was  used  in  this  lest  as  a  control. 
The  results  showed  that  gages  mounted  on  brass  shim 
stock  registered  accurate  strains.  The  different  glue 
systems  did  not  affect  the  results. 

(3)  In  the  first  method  of  mounting  foil  gages  on  brass 
shun  slock  to  the  wet-concrete  specimens,  an  under¬ 
water  curing  adhesive  developed  at  OKI.  { Hef  171  was 
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used.  This  method  did  not  bond  the  shim  stock  to 
concrete  for  the  duration  of  the  tost.  A  second 
method  used  epoxy  adhesive  1  ly sol  KA  934.  which  was 
known  to  maintain  a  high  bond  strength  when  dry- 
concrete  became  wet  (Kef  18).  The  strain  data  still 
indicated  that  the  brass  shim  stock  was  not  adhering 
to  the  concrete  at  the  higher  pressure  (or  strain) 
levels.  The  third  method  used  11  y sol  adhesive  again, 
but  this  t;me  extra  attention  was  paid  to  roughening 
the  brass  surface,  deeply  roughening  the  concrete 
surface  (hv  grinding  with  silicon  carbide  grit)  and. 
when  applying  the  gage,  embedding  the  edges  of  the 
brass  shim  stock  in  a  thick  bead  of  epoxy  around  tin* 
periphery.  Those  additional  stops  also  did  not  solve 
the  problem.  The  fourth  method  was  to  try  steel  shim 
stock,  instead  of  brass,  and  to  use  the  procedures 
mentioned  previously.  At  the  same  time,  weldable 
gages  were  tried.  None  of  these  systems  was  success¬ 
ful,  attempts  at  strain  gaging  were  terminated.  The 
deflect  ometer  data  were  excellent,  and  additional 
potentiometers  per  test  were  used. 


Television  Camera.  A  closed-circuit  television  camera  was  installed 
at  the  top  of  each  specimen.  The  video  tape  system  recorded  implo¬ 
sion.  Although  the  frames  per  second  rate  did  not  permit  detailed 
study  of  the  failure  zone,  the  circumferential  loeation  of  failure  could 
usually  be  defined  and  an  interesting  sequence  of  failure  was  recorded, 
including  the  sound  of  implosion 


High-Speed  ('amor a  A  high-spe>'d  motion  picture  camera  was 
installed  at  the  top  of  the  r;'«viniens .  It  was  hoped  that  a  failure 


sequence  could  be  filmed 


camera  speed  was  initially  set 


frames,  sec  which  permitted  ttt  soeonds  e.t  tilm  time. 
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have  been  increased  to  1,000  frames/sec,  if  desired.  However,  after 
several  tests  and  no  coverage  of  failure,  the  film  speed  was  reduced  to 
100  frames/sec  to  increase  the  film  tune  to  80  seconds.  The  camera  was 
installed  in  eight  specimens  but  failure  coverage  was  not  obtained  in 
any  test.  The  techniques  used  to  try  to  predict  imminence  of  failure 
are  discussed  in  the  Test  Procedure  section. 


TEST  PROCEDURE 

The  pressure  vessel  used  in  the  tests  had  an  inside  diameter  of  72 
inches  (1830  mm)  and  an  operational  pressure  of  5,500  psi  (37.9  MPa). 
The  pressure  load  was  created  by  pumping  additional  water  into  the 
vessel  and  thereby  compressing  the  fluid.  Freshwater  was  used  in  the 
tests. 

The  temperature  of  the  water’  typically  varied  between  3°  and  10°C 
for  different  tests;  however,  the  temperature  inside  the  specimens 
typically  varied  between  10°  and  13°C.  The  higher  temperature  inside 
the  specimens  was  due  to  warmer  room  temperature  and  lights  for  the 
television . 

All  specimens  were  placed  in  the  pressure  vessel  on  the  evening 
before  testing  and  allowed  to  soak  in  order  that  the  degree  of  water 
saturation  of  the  concrete  for  the  different  specimens  would  be  the 
same.  It  was  hoped  that  soaking  overnight  partially  saturated  the 
concrete  to  equal  levels. 

The  rate,  of  pressure  application  was  10  psi/min  (0.0H9  MPa/min) 
between  hold  periods  where  data  were  recorded.  Hold  periods  occurred 
at  25  psi  (0.172  MPa)  increments  and  typically  lasted  ft..-  2.5  minutes. 
From  the  beginning  to  the  end  of  the  test,  the  overall  pressurization 
rate  was  about  5  psi/min  (0.034  MPa/min). 

The  television  monitor  was  operated  throughout  the  test.  Its  use 
was  invaluable  in  operating  the  defleclometer  system,  detecting  leaks, 
and  recording  implosion  on  videotape. 


Several  specimens  leaked  during-  the  test.  Most  of  the  leaks 
occurred  between  the  concrete  and  steel  end-closures.  However,  some 
of  the  specimens  had  cracks  through  the  wall  and  water  slowly  leaked 
through  these  cracks  until  the  pressure  load  exceeded  approximately 
200  psi  (1.4  MPa).  Leaks  did  not  affect  the  lest  results. 

For  the  long-term  loading  tests,  a  digital  comparator  was  used  to 
control  the  operation  of  an  auxiliary  pressure  pump  and  maintain  the 
pressure  load  at  ±2  psi  (0  014  MPa). 

Failure  of  the  specimens  was  instantaneous,  with  literally  a  fraction 
of  a  second  of  advanced  warning.  High-speed  motion  picture  film  of 
failure  was  not  obtained  during  eight  attempts.  In  several  of  the 
eases,  the  film  was  exposed  before  implosion  occurred.  In  the  other 
cases,  implosion  occurred  while  the  operator  was  wailing  for  an  indica¬ 
tion  of  failure.  Methods  used  to  indicate  failure  are  described  below. 

(1)  Radial  Displacement  -  A  real  time  signal  from  a  poten¬ 
tiometer  was  displayed  on  an  oscilloscope .  During 
pressurization  periods,  the  potentiometer  was  placed  on 
the  worst  flat-spot  (probable  failure  zone),  and  the 
rate  of  inward  radial  displacement  with  pressure  was 
monitored.  It  was  believed  that  an  increase  in  the 
rate  of  change  of  radial  displacements  would  indicate 
implosion  This  was  the  case,  but  warning  time  was 
r.ot  sufficient  to  trigger  a  toggle  switch  to  operate  the 
camera . 

(2)  Acoustic  Emissions  -  Acoustic  emission  transducers 
were  placed  on  the  pressure  vessel  head  or  on  the  top 
stiffener  to  record  cracking  activity  of  the  concrete. 

It  was  hoped  that  the  concrete  would  show  consider¬ 
ably  more  cracking  activity  just  before  failure.  This 
method  was  not  successful  because  the  acoustic  emis¬ 
sion  activity  of  concrete  is  high  ami  erratic  in  the 


inelastic  region.  It  was  not  possible  to  distinguish 
between  spurts  of  activity  ami  t.lu>  activity  just  prior 
to  failure. 

13)  IVossuiv  *  The  technician,  who  pressurised  I  hr  speci¬ 
men,  closely  watched  pressure  gages  during  the  test. 

A  pause  in  the  rate  of  movement  of  a  pressure  gage 
noodle  would  indicate  imminent  failure.  For  several  of 
the  tests  there  was  no  pause  in  needle  movement:  and 
for  the  tests  with  a  pause,  time  was  not  sufficient  to 
relay  a  message. 

Upon  removal,  the  specimens  from  the  pressure  vessel  were 
inspected,  photographed,  and  sketched.  Fragments  of  concrete  from 
failure  zone  sections  were  salvaged  and  pieced  together  for  closer 
inspection  of  the  failure  zone. 

It  was  at  this  stage  that  wall  thickness  measurements  were  made. 
The  specimen  was  broken  up.  and  the  thickness  of  the  pieces  was 
measured  with  a  micrometer.  In  this  manner,  numerous  and  aeeurale 
measurements  of  wall  thicknesses  were  obtained. 

Sl’KtMMKN  UKOMKTUY 

A  summary  of  the  specimen  geometry  is  given  in  'fable  11*1.  ltata 
on  maximum  and  minimum  wall  thicknesses  are  presented.  Also,  con¬ 
struction  oul-of-roundncss  data  at  the  flat-spot  locations  are  given 
Typically,  the  minimum  wall  thickness  coincided  with  the  flat-spot 
location  because  this  occurred  at  the  outer  mold  seams.  Table  b-2 
gives  a  digest  of  the  out-of-roiindness  parameters  This  presentation 
of  data,  hmvevir,  is  not  truly  descriptive  of  the- out -of*  round  shape. 
Figure  |l-:>  shows  a  cross -seel ion  at  all  elevation  of  ad  inches  from  the 
bottom.  -  i).  I,  of  specimen  *J-3.  The  initial  out-of-round  shape  for 
the  outer  and  inner  mold  are  shown,  using  an  exaggerated  displacement 
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scale.  In  the  regions  of  0  and  180 
degress,  it  is  observed  that  the  wall  is 
thinner  than  nominal  and  that  the 
curvature  is  flatter  than  that  of  the 
membrane  circle.  The  center  of  the 
membrane  circle  for  the  outer  wall  is 
offset  from  the  center  of  the  inner  wall 
by  about  0.02  inches. 

Another  cross-sectional  view  at 
elevation  l,  -  0.4  is  shown  in  Figure 
B-(>.  The  data  are  a  compilation  from 
several  specimens  cf  i/I)  =  0.037. 


Variations  in  wall  thickness  ami  mean  radius,  H,  are  shown  around  llu* 
circumference.  The  average  H  was  26.08  i  0.05  inches  (601  i  I  mm). 
The  magnitude  of  the  .standard  deviation  was  mostly  from  the  lack  of 
accuracy  in  measuring  the  radius  with  the  steel  rule. 


conchf.tr  materials 


Concrete  was  hatched  and  supplied  by  a  transit  mix  company. 
Kach  delivery  consisted  of  2.0  yd3  (l.f>  m:1)  of  concrete.  The  mix  was 
designed  for  0,000  psi  (-11  MI’a)  at  28  days.  Tin*  proportions  of  cement 
to  sand  to  aggregate  were  1:1.00:2.22,  respectively.  The  cement 
content  was  670  !b/yd3  (401  kg/m3).  Waler-to-eemcnl  ratio  averaged 
0.55.  Slump  at  the  time  of  placement  eon  trolled  I  htv  total  water  content, 
and  the  slumps  averaged  8-8/1  *  1/4  inches  (00  i  6  mm). 

Portland,  low  alkali,  type  II  cement  was  used  along  with  a  water- 
reducing  admixture,  '/.croon  II,  at  a  rate  of  (i  ounces  (0.17  kg)  per  100 
pounds  (45. <1  kg)  of  cement.  The  sand  and  aggregate  were  from  (he 
Santa  Clara  River  Basin .  Maximum  aggregate  size  was  :t/8  inch  (0  5 
mm),  and  the  aggregate  underwent  heavy  media  separation. 

A  summary  of  the  concrete  properties  is  given  in  Table  B-8.  The 
concrete  compressive  strengths  were  measured  at  Y  anti  28  days  and  at 
the  lime  of  testing.  Stress-strain  curves  were  obtained  from  numerous 
specimens.  Several  modulus  parameters  arc  listed  in  Table  B-8,  along 
with  the  ultimate  strain  and  Poisson's  ratio.  Figure  B-7  snow;,  repre¬ 
sentative  stress-strain  curves  for  7,000  and  8,000  psi  (48  and  55  MI’a) 
concrete. 

Expansive-cement  grout,  used  as  a  packing  materia!  Between  the 
stiffeners  and  concrete  wall,  had  mix  proportions  of  one  part  porlland 
cement  type  K.  one  part  Han  tlalniel  River  sand  between  sieve  si/es  1 
and  IF.  one  part  Han  Cabral  Riser  sand  hot  ween  sieve  si/es  Hi  and  50 
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Tin*  walcr-to-rrment  ratio  was  0  TIT  and  a  retardant  admixture,  KI2 
Master  Builder.  was  used  at  4.1  ounces  (0.12  kp)  per  100  pounds  (•!!>. 4 
kjf)  of  eement.  ‘I’lu*  compressive  strength  of  this  mix  was  !>,f>20  psi 
(28.1  MPa)  al  7  days  taken  from  I  hive  ;ix(i-ineh  (Ybxl!>2-mm)  eontrol 
cylinders . 

TKST  ItKSPl.TS 
Implosion 

Test  conditions  and  implosion  results  are  presented  in  Tahir  11-1 
The  implosion  pressure,  IV  .  and  nomlimensiona!  ratio  of  implosion 
strength,  1*.  /f|%.  are  given  along  with  data  on  the  failure  hole  si/e  and 
boundary  behavior 

A  summary  of  tin*  implosion  results  is  given  m  Table  ll-b. 
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1’osl -implosion  views  of  several  specimens  atv  shown  in  Figures  H-.S 
through  M-lti.  For  those  specimens  having  a  simple-support  boundary 
eontiiiiun,  the  failure  notes  occurred  in  t ht1  midlcngth  region  away  from 
the  etuis  (Figures  M-8  ami  B-13).  For  those  speeimens  having  a  f roe- 
support  houmiary  rendition,  the  failure  hole  tvpieally  occurred  at  the 
top  end  (Figures  H-ll  through  H-U>),  hut  the  failure  hole  neeurred  in 
the  midlenglh  region  for  speeimen  2-1  (the  strongest  (iroup  2  specimen) 
(see  Figure  B-10). 

The  experimental  tesi  setup  was  prohahly  the  eause  for  the  failure 
holes  that  oeeurred  at  the  top.  When  the  specimens  were  fabricated, 
the  lop  cylinder  edge  was  hand- troweled  and  therefore  uneven.  On 
specimen  J»- 1  the  lop  end-closure  ring  was  placed  on  the  cylinder  with¬ 
out  Ihe  gasket  material  !•>  observe  unevenness.  A  rallur  large  portion 
of  the  Dialing  surface  showed  a  gap  of  from  l/l(*  tv'  I /ft  inch  (2  to  3 
mm).  A  filler  material,  such  as  gypsum  used  in  specimens  2-1  and  h-l, 
filled  the  gap  adequately.  However,  use  of  the  gypsum  was  discontin¬ 
ued  because  Ihe  material  is  water  soluble,  so  small  leaks  grew  into 
major  leaks.  Kpexy  was  used  as  its  replacement.  Ind  epoxv  filler 
material  did  not  appear  to  perform  adequately  F.poxv  has  a  modulus 
about  one-lenlh  that  of  concrete  and  probably  about  one- fifth  Ilia!  of 
gypsum  ll  wasn't  until  after  specimen  b-2  was  lesled  (at  Ihe  end  of 
the  test  program)  that  ;!  became  quite  apparent  that  the  epoxy  filler 
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material  was  not  a  good  substitu¬ 
tion.  Figure  11-16  shows  that 
specimen  fi-2  had  t  very  local 
failure  ;*t  the  top  edge  whii'h  was  a 
lustring-type  failure. 

Boundary  behavior  is  quant i- 
fied  in  Table  U-4 .  For  coriveni- 
enee.  a  notulimensional  value,  0 , 
was  selected  to  express  boundary 
behavior  as  the  ratio  of  radial 
displacement  at  the  end  supports  to 
the  radial  displacement  at  midlength 
of  the  specimen.  A  rigid  support 
would  be  identified  bv  «p  =  0  and  a 
free  support  by  $  =  1 . 

Observed  boundary  perfor¬ 
mances  slu'ive  •  i  a  small  difference 
between  actual  and  theoretical 
behavior.  For  five-support  speci¬ 
mens  the  ideal  $  of  1.00  was  closely 
approximated .  Two  specimens  with 
t/D^  -  0.037  showed  free-support 
behavior  where  <|>  was  0.00  and 
0  00.  Specimen  2-3  showed  unusual 
behavior  where  the  bottom  of  the 
cylinder  moved  radially  inward  the 
least,  0  -  0.00,  but  the  top  moved 
inward  the  most.  $  =  l.3<i  l i . e .  , 
the  top  of  the  cylinder -at  the  flat 
spot  location  moved  inward  more 
than  the  middiet. 
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Figure  B-14.  1'r.igmenls  of  failure  hole  from 

specimen  $•!. 


For  simple-support  specimens, 
the  ideal  4»  of  zero  was  not 
obtained.  The  radial  deflection  of 
the  steel  stiffener  provided  some 
compliance.  The  stiffener  deflection 
was  calculated  to  be  about  0.01  inch 
.(0.3  mm)  at  a  pressure  load  of  500 
psi  (3.5  MPa),  or  a  <}»  of  0.08. 
Measured  radial  deflections  showed 
values  about  0.02  inch  (0.5  mm),  a 
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0  or  about  0.  IC».  ill  ;i  distance  of  2  inches  <, f>0  mm)  away  from  the  1 1|'- 
feners  Tin*  tost  specimens  had  a  clear  length  between  stiffeners  of 
I 2\  inches  ( ,‘s'JL!0  mm).  After  accounting  for  the  compliance  of  tin* 
stiffener.  tin*  "actual"  length  of  the  cylinder  appeared  to  he  about  I ;J0 
inches  i  330(1  mm);  hence ,  the  effect  of  stiffener  compliance  was  small. 
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To  test  for  possible  reduction  in  implosion  strength  due  to  sus¬ 
tained  loading,  tin*  implosion  resistance  of  it  roup  1  specimen,',  was 
assumed  to  be  equal  to  that  of  the  average  value  of  tiroup  3  specimens, 

i.r.,  1’,  P  ’•  0 .07;).  Specimen  I- 1  was  subjected  to  33*1.  of  this  load, 
ini  c 

After  J.b  hours  of  load  exposure  the  specimen  imploded,  which  implied 


a  st  rent; t h  reduction  ot  in",  tor  a  relalivHy  brief  period  of  sustained 


Unuling'.  Subsequently .  the  sustained  pressure  for  specimen  4-2  was 
lowered  to  80",  of  predicted  short-term  strength,  while  specimen  *1-3  was 
subjected  to  70",. 

Specimen  1-2  was  accidently  imploded  after  44  hours  of  load  expo¬ 
sure  during  modification  of  the  electronic  pump  control  equipment;  no 
record  of  the  actual  implosion  pressure  was  obtained.  The  implosion 
value  listed  in  Table  B-4  was  based  on  a  calculated  estimate  of  the 
pressure  increase  in  the  vessel  for  a  known  duration  of  pump  opera¬ 
tion.  Data  were  available  on  the  exact  time  of  operation  of  the  pump 
before  implosion  occurred.  The  estimated  implosion  pressure  is  pro¬ 
bably  within  a  5%  error  limit. 

Specimen  4-3  withstood  a  pressure  load  of  450  psi  (3.1  MPa)  for 
1<>8  hours  without  incident.  The  pressure  was  then  reduced  to  zero 
where  it  remained  for  Id  hours  before  the  specimen  was  subjected  to 
85'},  of  short-term  strength  The  pressure  level  was  sustained  for  3.5 
hours  without  any  signs  of  major  structural  distress,  then  the  pressure 
level  was  raised  to  9,7},  where  implosion  occurred  after  3  minutes. 

Hadial  Displacement  behavior 

Hadial  displacement  terms  are  defined  diagrammatical))'  in  Kigali- 
D-17.  The  defleelonieter  instrumentation  method  measured  radial  dis¬ 
placement  from  initial  to  deflected  shape,  u  .  Membrane  radial  displace¬ 
ments.  w  .  were  determined  from  the  w  data.  The  following  method 
m 

was  used.  The  reader  should  pi ’lure  radial  displacement  data  being 
displayed  on  oscillograph  paper  as  a  potentiometer  moves  around  the 
circumference  of  a  cylinder.  A  straight  'ir.e  would  mean  a  perfect 
circle.  The  specimens  were  not  perfect;  therefore,  the  line  moved 
upward  (for  inward  displacement  >  and  downward  (for  outward  displace¬ 
ment)  The  wavy  line  on  the  oscillograph  paper  is  a  chart  of  out -of- 
roundn**ss  data.  The  wavy  line  can  be  digitized  u.c  .  each  point  along 
the  line  can  be  given  a  magnitude  value).  The  average  of  these  values 
is  plotted  as  a  straight  hm  and  represents  the  membrane  curve.  The 
average  defines  the  size  or  radius  of  the  membrane  circle 
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I*ijjuiv  H  17  Di'liniiioi)  ol  displaceme  nt  terms. 


When  a  deflected  shape  was  plotted  the  reference  point  was  the 
location  of  the  center  shaft  thal  held  the  potentiometer;  however,  this 
location  was  not  the  "true"  center  of.  the  deflected  shape.  The  opera¬ 
tion  of  finding*  the  true  center  location  was  that  of  manually  super¬ 
imposing"  the  membrane  curve  on  the  deflected  shape  and  using  judg¬ 
ment  to  decide  the  location.  Judgment  was  based  on  fitting"  the  mem¬ 
brane  curve  (perfect  circle)  of  known  size  to  the  deflected  shape  such 
that  the  area  between  the  wavy  line  and  tht  membrane  curve  was 
divided  equally. 

The  initial  and  deflected  cross-sectional  shapes  of  a  free  and 
simply  supported  specimen  with  their  corresponding  membrane  circles 
are  shown  in  Figures  11-18  and  11-19,  respectively.  All  specimens 
having  a  free  support  deflected  into  an  elliptical  shape  where  die  num¬ 
ber  of  lobes,  n,  was  2.  All  specimens  having  a  simple  support 
deflected  into  a  shape  with  n  =  8. 
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The  known  terms  are  w,  w  ,  and  AR..  Hence,  radial  displacements  due 

mi 

to  bending  can  be  calculated  as: 


w,  =  w  ♦  AR.  -  w  (B-3) 

him 


An  estimate  of  the  magnitude  of  strain  on  the  inside  and  outside 

wall  surfaces  can  be  made  because  w  and  w.  are  now  known.  Mcm- 

m  b 

brane  strain  is  calculated  from: 


w 

m 

R~ 
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(B-4) 


and  bending  strain  is  calculated 
from  an  expression  developed  in 
Reference  19  as: 


I' idlin'  I!  <  U.uli.il  <llspl.it' vmrnl  inluuni 

Table  B-6  summarizes  the  .ilun^it-mnlioi  Ciotip  iniunliii 

li.iunj!  i  i>tl  M.oV/ .n)J 

ultimate  radial  displacements  and  . . s,m .  iiuji*,,.,. 

calculated  strains.  It  is  interesting 
to  note  that  although  is  * y |>i- 
cttlly  several  times  the  magnitude  of 

w  ,  the  calculated  strains  t  and  r..  arc  nearly  equal.  At  implosion 
the  strains  at  the  flat- spot  location  on  the  inside  wall  experienced  slight 
tension  while  on  the  outside  wall  strains  were  on  the  order  of  ■1,000 
pin .  /in .  compression  • 
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ANA1.YT1CA1,  KKSUI.TS  AND  DISCUSSION 
Analysis  Deseript ion 

A  structural  analysis  was  performed  on  tin*  experimental  specimens 
using  a  finite  element  method  called  NONSAI’-A  that  incorporated  an 
advanced  constitutive  relation  subroutine  lor  the  concrete.  The  analy¬ 
sis  was  conducted  by  Chen.  Chant;,  and  Suzuki  (Hef  20)  without  the 
benefit  of  the  test  results.  Information  on  specimen  geometry  (includ¬ 
ing  the  oil  t -of- round  geometry,  boundary  conditions,  and  material 
properties)  was  supplied.  It  was  desired  to  computationally  model  the 
lest  specimens  as  realistically  as  possible  and  then  determine  the  accu¬ 
racy  of  the  predictions . 

Constitutive  Model.  The  constitutive  model  was  developed  in  three 
parts  -  elastic,  plastic  and  fracture  -  for  concrete  under  general  stress 
stat«*s . 

Fur  elastic  concrete,  it  was  assumed  that,  initially,  concrete  is  an 
isotropic  homogeneous  linear  elastic  material  and  its  stress- strain  rela¬ 
tions  arc  described  completely  by  two  elastic  constants.  Poisson's  ratio, 
and  Young's  modulus,  K.  For  the  present  analysis,  v  -  (Mi)  was 
used,  and  K  -  3.iil*xlOn  and  *1.  Dixit)**  psi  C,!!«.2  and  28, SI  Ul*a)  were 
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determined  from  Figure  11-7.  The  elastic  limit  envelope  in  general 
stress  space  ivns  obtained  by  smiling  the  fracture  envelope  ilmvn  to  ;i 
size  where  uniaxial  yield  point  corresponded  to  itbout  •!;?".  of  the  uniaxial 
strength . 

For  plastic  concrete,  a  strain-hardening  plasticity  model  as  pro¬ 
posed  previously  in  Reference  21  was  used  to  describe  the  nonlinear 
irreversible  stress-strain  response  of  concrete  material.  The  plastic 
incremental  stress-strain  relationship  based  on  the  normality  flow  rule 
in  the  theory  of  plasticity  are  developed  in  detail  in  Reference  22. 

For  fracture,  the  concrete  failed  when  the  state  of  stress  reached 

a  certain  viitic.il  value.  Two  different  types  of  fracture  inode  are 
defined  here. 

(1)  "('racking"  Type  -  When  the  principal  stresses  arc 

either  in  the  tension-tension  state  or  tension- 

compiesMon  state  ami  their  values  exceed  tin*  limit 
values . 

(2)  "('rushing"  Type  -  When  the  principal  stresses  are  in 

the  compression-compression  state  and  their  values 
exceed  the  limit  values.  When  concrete  cracks,  the 

material  is  assumed  to  lose  only  its  tensile  strength 
normal  to  the  crack  direction  but  to  retain  its  strength 
parallel  to  the  crack  direction.  On  the  other  hand, 
when  concrete  crushes,  the  material  element  loses  its 
strength  completely. 

In  the  present  analysis,  a  dual  representation  of  fracture  criterion 
was  expressed  in  terms  of  both  stresses  and  strain  and  specifies  the 
limit  value  under  multiaxial  stale  of  stresses  or  strains  in  the  following 
forms . 
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VI 


(1)  Stress  CrilfM*i 'H 

l(o.)  -  J..  +4  A  I.  Ml.2  =  T  2  (H-6) 

i.l  2  u  1  1  ii 

where  Au  and  tu  are  material  constants  and  where  o  is  equal  to  zero 
when  the  principal  stresses  are  in  the  compression  state  and  equal  to 
-1/G  when  in  the  tension-compression  or  tension -tension  state.  The 
first  invariant.  lj.  corresponds  to  the  mean  stress  component  of  the 
stress  stale.  The  term  .1^  is  the  second  invariant  cf  deviatorio 
stresses. 


(2)  Strain  Criterion 


or 


Maximum  ot  the  Principal  Strains  =  r. 


(lt-7) 


l  B-8 ) 


in  which  1  *  corresponds  to  volumetric  strain  and  .1,',  is  the  second  invari¬ 
ant  of  dcvinlorir  strains.  The  terms  i  and  r(  specify  the  maximum 
ductilities  of  concrete  under  uniaxial  compressive  and  tensile  loading' 
conditions,  respectively.  Herein,  the  compressive  cylinder  strength 
was  assumed  as  7,000  and  8,000  psi  (18  and  !>!>  MPa);  and  maximum 
compressive  strain,  i  ,  was  S.S00  pin. /in.  The  tensile  strength,  f(‘, 
was  assumed,  to  be  0.09  f;  and  maximum  tensile  strain,  i,,  was  800 
pin.  'in.  When  the  stress  state  in  the  concrete  satisfied  either  the 
stress  criterion  (Kquntion  |l-(»)  or  the  strain  criteria  (Hqiiations  H-7 


\ 


and  B-8).  fracture  of  concrete  was  assumed  to  occur.  If  tho  fracture 
stress  stale  lies  in  the  tension-compression  or  tension-tension  zone,  a 
crack  was  assumed  to  occur  in  a  plane  normal  to  the  direction  of  the 
offending'  principal  tensile  stress  or  strain. 

Finite  Klement  Program.  In  the  present  work  all  the  analyses  were 
performed  using  NFAP  program  (Ref  23)  on  computer  system  IBM  model 
370-158.  NFAP  is  a  modified  and  extended  version  of  NONSAP-A  uro¬ 
gram  (Hof  2d),  which  is  a  modified  version  of  the  NONSAP  program 
originally  developed  by  Bathe,  Wilson,  and  Iding  (Ref  25).  The  pre¬ 
sent  concrete  constitutive  model  has  been  incorporated  as  a  subroutine 
in  the  NFA P  program.  The  average  computing  lime  for  the  two- 
dimensional  (plane  strain  or  axisymmetric)  problems  was  about  5  minutes 
for  each  ease.  The  average  computing  time  for  each  three-dimensional 
analysis  was  about  <>2  minutes. 

# 

(leometrv  of  Analysis.  The  eight  cases  as  listed  in  Table  B-7  were 
analyzed  using  isoparametric  shell  elements. 

(.1)  Cases  1  ami  3  were  modeled  as  axisymmet  rical  problems 
with  simple-support  end-condition . 

(2'  rases  5  and  7  were  modeled  as  plant*  strain,  axisym¬ 
met  rical  problems . 

(3)  Cases  (i  and  8  wnv  modeled  as  plane  strain,  asymmet¬ 
rical  problems.  Out  -  >f- rouudness  in  the  form  of  r  - 
(sec  Table  2)  was  included  in  the  analysis. 

it)  t’ases  :!  and  1  were  treated  as  three-dimensional  pro¬ 
blems  with  large  displaccimnt  Out -of-roundmss  in 
the  form  of  n  -  3  was  mclud'-d  in  the  analysis. 


Cross-sectional  geometry 
for  the  cylinders,  which 
includes  data  on  idealized 
out-of-roundness,  is  shown  in 
Figures  U-26  and  B-27  with 
geometry  values  given  in 
Table  B-8. 


Implosion  Results.  Table 
B-7  summarizes  the  results  of 
the  analyses  in  terms  of 
imploMv<n  pressures  that  were 
controlled  by  strain  failure 
criteria.  ( P.  )r ,  and  stress 
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failure  criteria,  (Pjm)0-  The 

implosion  strength  is  given  by 

the  nondimensional  ratio  of 

1*  IV.  The  analytical  implo- 
tm  c 

sion  strength  is  compared  to 
the  experimental  strength  by 
the  ratios  shown  in  the  last 
two  columns  of  Table  B-7. 

The  experimental  specimens  were  out-of-round  cylinders  so  a  true 
comparison  between  analysis  and  experiment  is  only  for  out-of-round 
cylinder  cases  (Cases  2,  4,  (5,  and  8).  The  average  ratio  of  strain- 
controlled  implosion  strength  to  experimental  implosion  strength  was 
0.89  and  for  stress-controlled  implosion  strength  to  experimental  implo- 
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sion  strength  was  0.90. 

The  stress  criterion  failure  modi'  predicted  implosion  with  better 
accuracy  than  tin.  strain  criterion  method  booking  more  closely  at 
individual  eases.  Case  2  was  an  instability  failure  mode  and  analysis 
predieted  implosion  15*1,  lower  than  expi  rimenlal.  Cases  •),  (i.  and  8 
were  material  failure  modes,  and  analysis  predieted  implosion  only  llj, 
lower  than  experimental. 


Interestingly,  the  strain  criteria  that  controlled  in  all  cases, 
except  Case  2,  was  a  tensile  strain  limit  of  800  pin. /in.,  and  not  a 
compressive  strain  limit.  The  limiting  tensile  strain  occurred  in  the 
radial  direction  of  the  wall  (increase  in  wall  thickness)  at  midlength  for 
the  free-support  specimens  and  at  a  distance  of  £  =  0.4  from  the  end 
for  the  simple-support  specimens.  Tensile  strain  had  an  influence  on 
failure  because  the  wall  thickness  would  laminate  and  facilitate  a  shear- 
compression  type  of  material  failure  of  the  wall.  Evidence  of  wail 
lamination  has  been  observed  in  fragments  of  thick-walled  spheres 
under  hydrostatic  loading  (Ref  26)  but  was  not  observed  in  the  frag¬ 
ments  of  cylinder  specimens. 

The  effect  of  out-of- 
roundness  in  reducing  the 

Tahir  I!  V  Kdluriioii  n>  Implosion  Swcnuih  l)ur  to 

Otiioi  Ko.uulncss  implosion  strength  of  a  per- 

_ _ fectly  circular  cylinder  is 

. . .  Ho,«rtn,wv«,L,:'  shown  m  Table  B-9.  Cyhn- 

uium..  I  I  dpr  ,/p  influenced  the  out- 

I  I  I  )M  >M<  I  7&X  I  Avrr.tCr  I  O 
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of-roundness 


effect  con- 


<  Mniroi  •  '  i  *'  siderably.  Cases  1  and  2  are 

s"v"  i„  i„  >,  thinner  specimens  than  Cases 

(iimlrttS 

- - - - - -  3  and  4,  but  all  have  a 

,  .  *  ,  .  .  simple-support  end-condition; 

4.IM*  IHMIllH  I  tU'HIjJlI.ltO  I»t»t  ol  Mitlltil  \  \  i  Illilvi . 

the  thinner  specimens  showed 
a  44%  reduction  due  to  out- 
of-roundness ,  whereas  the  thicker  specimens  showed  a  16%  reduction 
A  similar  observation  is  made  between  Cases  5  and  6  which  are  thinner 
than  Cases  7  and  8,  all  having  a  free-support  end-condition. 

The  influence  of  end-con  iition  on  out-of- round  effect  can  be 
observed  with  Cases  3  and  4  and  S  and  6,  all  of  which  have  t/D  of 
0.037.  Cases  3  and  4  are  simply  supported  and  showed  a  reduction  of 
16%:  whereas,  Cases  5  and  6  are  freely  supported  and  shewed  a  reduc¬ 
tion  of  46%. 


'*  v 


The  effect  of  cylinder  length  can  be  observed  from  Cases  3  and  4 

and  f>  and  fi,  all  of  which  have  the  sane  1/13  ratio  of  0,037  but  differ- 

o 

er,t  effective  lengths.  Cases  3  and  4  had  an  L./D  ratio  of  2,35,  and 

o 

Cases  5  and  6  had  an  l./D  ratio  of  infinity.  For  the  out-of-round 

o 

cylinders  (Cases  4  and  6),  the  shorter  cylinder  had  a  predicted 
increase  in  implosion  strength  of  53%  over  that  of  the  infinitely  long 
cylinder.  Experimentally,  the  increase  in  strength  was  41%. 


Displacement  Beh avior 


The  predicted  deflected  'shapes  for  free-suppor!  and  simple- 
support  specimens  are  shown  in  Figures  B-18  and  H-19.  For  the  free- 
support  cylinder  (Figure  !)-)*>,  the  predicted  shape  is  a  fair  approxi¬ 
mation  of  the  experimental  shape.  It  should  be  noted  that  the  pressure 
level  for  the  experimental  shape  is  near  implosion  at  400  psi  (2.8  MPa) 
where  the  analytical  shape  is  at  implosion  at  34G  psi  (2.4  MPa).  For 
the  simple-support  cylinder  (Figure  B-19).  the  comparison  is  good. 

The  predicted  radial  displacement  behavior  as  a  function  of  pres¬ 
sure  is  shown  in  Figures  B-20  and  B-22.  Comparison  t.r  the  experi¬ 
mental  to  analytical  behavior  is  quite  good.  For  the  out-of-round 
cylinders,  note  that  the  predicted  implosion  pressures  using  the  strain 
or  stress  criteria  are  approximately  the  same. 

A  large  difference  in  ultimate  radial  displacement  was  observed 
between  perfect  and  out-of-round  -specimens .  For  cylinders  of  t/1)  r 
0-037  (Figure  B-21),  the  experimental  om-of-round  cylinder  showed 
w  =  0,f>i;8  inch  (13  mm),  while  the  pet  fed  cylinder  had  w  -  0.08  inch 
(2  mm)  -  a  d.  1-fold  increase.  For  specimens  having  the  same  t / 1 ) ^ 
ratio  of  0.037  but  different  end-support  conditions  t Figures  H-L'i  ami 
H-22).  tin1  free-suppert  cylinders  showed  an  ultimate  displacement  of 
v  "  0.508  inch  (13  mm)  compared  to  the  simple-soppor!  cylinders  oS' 
w  -  0.18a  inch  (5  mm)  -  a  2. "-fold  increase 


Itadial  displacement  behavior  along  the  length  of  the  cylinder  is 
shown  in  Figures  b-22  through  M-25.  The  effect  of  the  simple* support 
is  vividly  shuac.  in  figures  11-23  and  11-25.  The  compliance  of  the 
actual  ring  sliffen»;r  in  the  experiitiental  tests  can  be  observed  in  Fig¬ 
ure  B-25  where  approximately  0.02  inch  (0.5  .nin)  of  radial  movement 
occurred. 

For  the  tree-support  cylinder  (.Figure  11-24).  the  difference 
between  experimental  and  analytical  behavior  appears  great.  However, 
this  same  difference  is  shown  in  Figure  11-21.  where  the  comparison 
appears  belter.  Experimentally .  the  five-support  end-condition  using  a 
rubber  gasket  modeled  the  ideal  free- support  quite  well. 

FINDINGS 

1  Analytically,  using  the  finite  element  program  NONSAl’-A  with 
an  advanced  constitutive  material  model,  the  behavior  of  the  cylinder 
specimens  was  predicted  with  good  accuracy.  The  implosion  pressures 
were  predicted  ?1.  lower  than  actual  when  a  stress  criterion  controlled 
failure.  It  was  found  experimentally  that  specimens  of  1 ./ 1 )  of  2.35 

had  an  implosion  strength  11';,  greater  than  specimens  of  infinite  length 

(long  cylinders);  analytically,  the  increase  in  strength  was  predicted  as 

r  •>»» 

2.  l)iil -of- roundness  was  an  important  parameter  in  implosion 
strength  and  radial  displacement  behavior.  Analytically,  the  effect  of 
out-of -roundness  was  to  reduct  the  implosion  strength  of  perfect  cylin¬ 
ders  by  Itv-,  to  -Hi”,  d'-pctiding  on  t  I)  ratio  and  end-support  condition. 
The  ultimate  radial  displacement  for  the  frce-support  experimental 
specimens  of  t  H  -  it.o;tV  was  0  hits  inch  t.  Id  nun),  which  was  b.-l  times 

the  displacement  for  a  perfect  cylinder.  The  need  to  model  out -el - 

roundness  !■'  obtain  accurate  analytical  predictions  was  found  important. 


7q 


.  3,  Radial  displacement  data  for  the  specimens,  showed  that  ihc- 
deflccted  shape  fur  the  five- support  cylinders  hail  two  lobes  (n  =  2) 
and  for  the  simple-support  cylinders  had  three  lobes  (n  =  3).  The 
membrane  and  bending  radial  displacements  were  determined,  and  csti- 
nntes  of  strain  were  calculated  at  the  failure  location.  It  appeared  that 
at  the  worst  flat  spot  the  strain  level  at  failure  was  slight  tension  on 
the  inside  wall  and  about  *1,C  )  pin  /in.  compression  on  the  outside 
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Do 

Outside  diameter 

E. 

1 

Initial  elastic  modulus 

E 

s 

Secant  elastic  modulus 

Et 

Tangent  elastic  modulus 

f; 

Uniaxial  concrete  com¬ 
pressive  strength 

kc 

Material  strength  factor 
for  cylinder  structures 

ks 

Material  strength  factor 
for  spherical  structures 

L 

Cylinder  length 

n 

Number  of  lobes 

P 

External  pressure 

Pim 

Implosion  pressure 

Analytical  implosion  pres¬ 
sure  controlled  by  strain 
criteria 

(P- 
un  o 

Analytical  implosion  pres¬ 
sure  controlled  by  stress 
criteria 

R 

Average  radius 

H 

■'» 

Outside  radius 

t 

Average  wall  thickness 

l  • 
min 

Minimum  wall  tnickness 

w 

Radial  displacement  from 
initial  to  deflected  shape 

Bending  radial  displace¬ 
ments 

w 

m 

Membrane  radial  displace¬ 
ments 

Wfp 

Total  radial  displacement 
(see  Figure  B-17) 

AR 

Deviation  in  radius 

AR . 

l 

Inside  deviation  from 
average  radius 

ARo 

Outside  deviation  from 
average  radius 

^min 

t  -  t  . 
mm 

Eu 

Ultimate  strain 

Eb 

Bending  strain 

Em 

Membrane  strain 

n 

Empirical  plasticity  reduc¬ 
tion  factor 

0 

Angular  coordinate  (see 
Figures  B-26  and  B-27) 

°r  e2 

Angular  coordinates  ol 
failure  zone 

03 

Angular  coordinate  of 
center  of  failure  zone 

V 

Poisson's  ratio 

i 

Nondimensicnal  distance 
along  cylinder  length 
(see  Figure  h--l) 

o 

Wall  stress 

a. 

un 

Wall  stress  at  implosion 

(,,im)B 

Wall  stress  at  implosion 
predicted  by  Bresse't 
equation  (Equation  f» ) 

<nim 

W;  11  slr'-ss  at  implosion 
predicted  l.y  Donnell's 

cquati-m  (liquation  i ) 

ili  hat  i'1  ;  f  radial  displace¬ 

ment  .•>  between  end  .in  I 
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